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(57) Abstract 

We have discovered that the residual stress residing in a tantalum (Ta) film or a tantalum nitride (TaNx, where 0 < x ^ 1.5) film can 
be controlled (tuned) by controlling particular process variables during deposition of the film. Process variables of particular interest during 
fihn deposition, for sputter-applied Ta and TaNx films, include the following: the power to die sputtering target; the process chamber 
pressure (i.e., the concentration of various gases and ions present in the chamber); the substrate DC offset bias voltage (typically an increase 
in the AC applied substrate bias power); and the temperature of the substrate upon which die film is being deposited. When the Ta or TaNx 
film is deposited using IMP sputtering, die power to die ionization coil can be used for stress tuning of die film. This use of IMP as die 
sputtering technique provides particular control over the ion bombardment of die depositing film surface. Tantalum (Ta) films deposited 
using die IMP mediod typically exhibit a residual stress ranging from about +1 x 10+^° dynes/cm^ (tensile stress) to about -2 x 10+*° 
dynes/cm^ (compressive stress), depending on the process variables described above. Tantalum nitride (TaNx) films deposited using die 
IMP mediod typically can be tuned to exhibit a residual stress widiin die same range as that specified above widi reference to Ta films. 
We have been able to reduce die residual stress in eidier die Ta or TaNx films to range between about 6x10*^ dynes/cm^ and about -6 
x 10+^ dynes/cm^ using tuning techniques described herein. The Ta and TaNx films can also be tuned subsequent to deposition using ion 
bombardment of the film surface and annealing of the deposited film. Barrier perfoimance of the films can be improved by depositing die 
films at a substrate temperature of at least 300 **C. 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


E5 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Arnicnia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Heizegovina 


GB 


Georgia 


MD 


Repiiblic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madi^ascar 


TJ 


Tapkistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burldna Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Ttoikey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


XT 


Trinidad and Tob^o 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukrame 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy . 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


. Congo 


K£ 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cdte d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kaxakstan 


RO 


Romania 






CZ 


Czech Repiri>nc 


LC 


Saint Luda 


RU 


Russian Pcdefation 






DE 


Gcimany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







1 



wo 98/54377 PCT/US98/10789 

STRESS TUyAPI^E TAWTALUM AND TAmMAM WnT MPP mM$ 



2 BACKGROUND OF THE INVENTION 

3 1. Field of the Invention 

4 The present invention pertains to tantalum aad tantalum nitride films which can 

5 be stress-tuned to be in tension or in compression or to have a particularly low stress, and 

6 to a method of producing such films. These stress-tuned films are particularly usefiil in 

7 semiconductor interconnect structures, where they can be used to balance the stress 

8 within a stack of layers, which includes a combination of barrier layers, wetting layers, 

9 and conductive layers, for example. The low stress tantalum and tantalum nitride fihns 

10 are particularly suited for the lining of vias and trenches having high aspect ratios, 

11 2. Brief Description of the Background Art 

12 A typical process for producing a multilevel structure having feature sizes in the 

13 range of O.S micron (jim) or less would include: blanket deposition of a dielectric 

14 material; patterning of the dielectric material to form openings; deposition of a diffusion 

15 barrier layer and, optionally, a wetting layer to line the openings; deposition of a 

16 conductive material onto the substrate in suf&cient thickness to fill the openings; and 

17 removal of excessive conductive material firom the substrate surface using chemical, 

18 mechanical, or combined chemical-mechanical polishing techniques. Future 

19 technological requirements have placed a focus on the replacement of alimiinum (and 

20 aluminum alloys) by copper as the conductive material. As a result, there is an increased 

21 interest in tantalum nitride barrier layers and in tantalum barrier/wetting layers, which 

22 are preferred for use in combination with copper. 
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1 Tantalum nitride barrier films, TajN and TaN, have been shown to function up to 

2 700**C and 750°C, respectively, without the diffiision of copper into an underlying 

3 silicon (Si) substrate. Tantalum barrier/wetting fihns have been shown to function at 

4 temperatures of approximately 500 "^C. It is advantageous in terms of processing 

5 simplicity to sputter the barrier and/or wetting layers underlying the copper. Tantalum 

6 nitride barrier layers are most commonly prepared using reactive physical sputtering, 

7 typically with magnetron cathodes, where the sputtering target is tantalum and nitrogen 

8 is introduced into the reaction chamb^. 

9 S. M. Rossnagel et al. describe a technique which enables control of the degree of 

10 directionality in the deposition of diffusion barriers in their paper titled "Thin, high 

1 1 atomic weight refractory fihn deposition for diffusion barrier, adhesion layer, and seed 

12 layer applications", 1 Vac. ScL Technol B 14(3) (May/Jun 1996). In particular, the 

13 paper describes a method of depositing tantalum (Ta) which permits the deposition of the 

14 tantalum atoms on steep sidewalls of intercoimect vias and trenches. The method uses 

15 conventional, non-coUimated magnetron sputtering at low pressures, with improved 

16 directionality of the depositing atoms. The improved directionality is achieved by 

1 7 increasing the distance between the cathode and the workpiece surface (the throw) and 

1 8 by reducing flie argon pressure during sputtering. For a film deposited with commercial 

19 ca&odes (Applied Materials Endura® class; circular planar cathode witfi a diameter of 

20 30 cm) and rotating magnet defined erosion paths, a throw distance of 25 cm is said to be 

21 approximately equal to an interposed collimator of aspect ratio near 1 .0. In the present 

22 disclosure, use of this "long throw" technique with traditional, non-collimated magnetron 

23 sputtering at low pressures is referred to as "gamma sputtering". 

24 Gamma sputtering enables the deposition of thin, conformal coatings on 

25 sidewalls of a trench having an aspect ratio of 2.8 : 1 for 0.5 /im wide trench features. 

26 However, we have determined that gamma-sputtered TaN fihns exhibit a relatively high 
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1 film residual compressive stress, in the range of about -1.0 x 10*'^ to about 

2 -5.0 X 10*'® dynes/cm^. High fihn residual compressive stress, in the range described 

3 above, can cause a Ta film or a tantalum nitride (e.g., TajN or TaN) fihn to peel off from 

4 the underlying substrate (typically silicon oxide dielectric). In the alternative, the fihn 

5 stress can cause feature distortion on the substrate (typically a silicon wafer) surface or 

6 even deformation of a thin wafer. 

7 A method of reducing the residual stress in a Ta barrier/wetting fihn or a TaiN or 

8 TaN barrier film would be beneficial in enabling the execution of subsequent process 
9- steps without delamination of such fihns &om trench and via sidewalk or other 

10 interconnect features. This reduces the number of particles generated, increasing device 

1 1 yield diuing production. In addition, a fihn having a near zero stress condition improves 

12 the reUabihty of the device itself. 

13 SUMMARY OF THE INVENTION 

14 We have discovered that the residual stress residing in a tantalum (Ta) film or a 

15 tantalum nitride (TaNx, where 0 < x < 1.5) fihn can be controlled (tuned) by controlhng 

16 particular process variables during dq)osition of the film. Process variables of particular 

17 interest for sputter-applied Ta and TaN^ films include the foUowmg: An increase in the 

18 power to the sputtering target (typically DC) increases the compressive stress component 

19 in the film. An increase in the process chamber pressure {Le.^ the concentration of 

20 various gases and ions present in the chamber) increases the tensile stress component m 

21 the fihn. An increase in the substrate DC of&et bias voltage (typically an increase in the 

22 appUed AC as substrate bias power) increases the compressive stress component in the 

23 fihn. When the sputtering is IMP sputtering, an increase in the power to the ionization 

24 coil mcreases the compressive stress component in the fihn. The substrate temperature 

25 during deposition of the fihn also affects the film residual stress. Of these variables, an 
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1 increase in the process chamber pressure and an increase in the substrate of&et bias most 

2 significantly affect the tensile and compressive stress components, respectively. 

3 The most advantageous tuning of a sputtered film is achieved using Ion Metal 

4 Plasma (IMP) sputter deposition as the fihn deposition method. This sputtering method 

5 provides for particular control over the ion bombardment of the depositing fihn surface. 

6 When it is desired to produce a film having minimal residual stress, particular care must 

7 be taken to control the amoimt of ion bombardment of the depositing film surface, as an 

8 excess of such ion bombardment can result in an increase in the residual compressive 

9 stress component in the deposited fihn. 

1 0 Tantalum (Ta) fihns deposited using the IMP sputter deposition method typically 

1 1 exhibit a residual stress ranging from about +1 x 10^*^ dynes/cm^ (tensile stress) to about 

12 -2 X 10^^^ dynes/cm^ (compressive stress), depending on Ihe process variables described 

13 above. Tantalum nitride (TaN,) fihns deposited using the IMP method typically can be 

14 tuned to exhibit a residual stress within the same range as that specified above with 

1 5 respect to Ta films. We have been able to reduce the residual stress in either the Ta or 

16 TaNx fihns to low values ranging firom about +1 x 10** to about -2 x lO*' dynes/cm^ 

17 usmg tuning techniques described herein. These fihn residual stress values are 

1 8 significantly less than those observed for traditionally sputtered films and for gamma- 

19 sputtered films. This reduction in film residual compressive stress is particularly 

20 attributed to bombardment of the fihn surface by IMP-generated ions during the film 

21 deposition process. Heavy bombardment of the fihn surface by IMP-generated ions can 

22 increase the film residual compressive stress, so when it is desired to minimize the film 

23 compressive stress, the ion bombardment should be optimized for this purpose. 

24 Other process variables which may be used m tuning the fihn stress include the 

25 spacmg between the sputter target and the substrate surface to be sputter deposited; ion 

26 bombardment subsequent to film deposition; and annealing of the film during or after 
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1 dq)osition. 

2 We have also discovered that Ta and TaN^ films deposited using physical vapor 

3 deposition techniques over a particular temperature range have improved diffusion 

4 barrier properties. The lower end of the temperature range is approximately 300**C. 

5 Using a deposition temperature of 300T or higher, the barrier layer can be thinner, 

6 leading to better manufacturing through-put. Further, a thinner barrier layer requires less 

7 chemical-mechanical polishing to remove residual barrier layer from a substrate surface 

8 surrounding a copper interconnect, and this reduces tiie amount of copper which is 

9 removed from the interconnect due to the polishing action (copper "dishing**). 

10 Accordingly, disclosed herein is an improved method of depositing a Ta or TaN^ barrier 

1 1 layer for use in combination with copper in a semiconductor intercoimect structure. The 

12 improvement comprises depositing a Ta or TaN^ (where 0 < x < 1 .5) barrier layer at a 

13 substrate tmiperature of at least 300*^0, preferably, withm a tempCTature range of about 

14 300^*0 to about 600**C, most preferably, within the range of about 300°C to about 

15 500°C, prior to deposition of copper on the substrate. 

16 BRIEF DESCRIPTION OF THE DRAWINGS 

17 Figure 1 is a graph showmg the residual stress in an IMP-deposited Ta film, as a 

18 fimction of DC power to the Ta target, RF power to the IMP ionization coil, and the 

19 pressure in the process chamber. 

20 Figure 2A is a contour plot showing the IMP-deposited Ta fihn residual strpss in 

21 dynes/cm^ as a function of the DC power to the Ta target and the process chamber 

22 pressure, when the RF power to the ionization coil is 1 kW. 

23 Figure 2B is a contour plot showing the residual stress in an IMP-deposited Ta 

24 fihn, as a function of the same variables illustrated in Figure 2A, when the RF power to 

25 the ionization coil is 3 kW. 
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1 Figure 3 is a graph showing the residual stress in an IMP deposited Ta fihn, as a 

2 function of the substrate offset bias, and in particular as a function of the AC bias power 

3 (typically the AC power is coupled to the substrate through the substrate heater which is 

4 in electrical contact with &e substrate). 

5 Figure 4 is a graph showing tihe chonical composition of a gamma-sputtered 

6 tantalum nitride film, as a function of the nitrogen gas flow rate to the sputtering process 

7 chamber. In addition. Figure 4 shows the resistivity and the structure of the tantalum 

8 nitride compound, which is in conformance with the nitrogen content of the compound. 

9 Figure 5 is a graph showing the film composition of a reactive IMP-deposited 

10 tantalimi nitride fihn, as a function of the nitrogen gas flow rate to tiie process chamber. 

1 1 Again, the resistivity of the film is mdicative of the various film structures created as the 

12 nitrogen content of the film is increased. 

13 Figure 6 is a gjcaph showmg the residual fihn stress for gamma-sputtered tantalum 

14 nitride film, as a function of tiie nitrogen gas flow rate to flie sputtering process chamber, 

15 and as a function of the temperature at which the film is deposited. 

1 6 Figure 7 is a graph showing the residual fihn stress for reactive IMP sputtered 

17 tantalum nitride film, as a function of the nitrogen gas flow rate to the sputtering process 

18 chamber. 

19 Figure 8 is a graph showing the residual film stress for IMP sputtered tantalum 

20 film, as a function of the substrate temperature upon which the fihn is deposited. 
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1 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

2 The present invention pertains to stress tunable tantalum and tantalum nitride 

3 films and to a method of producing such films. In particular, applicants have discovered 

4 that residual film stress can be tuned by controlling particular process variables, such as 

5 process chamber pressure, DC offset bias voltage, power to the sputtering target, and 

6 substrate temperature during film deposition. When IMP sputtering is used, a variation 

7 in the power to the ionization coil can be used for tuning. Ion bombardment of the 

8 depositing film surface is particularly usefiil in controlling residual film stress. 

9 1. DEFINITIGNS 

10 As a preface to the detailed description, it should be noted that, as used in this 

1 1 specification and the appended claims, the singular forms "a", "an", and "the" include 

12 plural referents, unless the context clearly dictates oflierwise. Thus, for example, the 

13 term "a semiconductor" includes a variety of different materials which are known to have 

14 the behavioral characteristics of a semiconductor, reference to a "plasma" includes a gas 

15 or gas reactants activated by an RF glow discharge, and reference to "copper" includes 

16 alloys thereof 

1 7 Fihn stress values were measured using a Tencor® Flexus FLX 3200 machine 

1 8 available firom Tencor Corporation, Mountain View, California. 

19 Specific tenninology of particular importance to the description of the present 

20 invention is defined below. 

21 The term "aspect ratio" refers to the ratio of the height dimension to the width 

22 dimension of particular openings into which an electrical contact is to be placed For 

23 example, a via opening which typically extends in a tubular form through multiple layers 

24 has a height and a diameter, and the aspect ratio would be the height of the tubular 

25 divided by the diameter. The aspect ratio of a trench would be the height of the trench 
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1 divided by the minimal travel width of the trench at its base. 

2 The term "completely filled" refers to the characteristic of a feature, such as a 

3 trench or via, which is filled with a conductive material, wherein there is essentially no 

4 void space present within the portion of the feature filled with conductive material. 

5 The term "copper" refers to copper and alloys thereof, wherein the copper content 

6 of the alloy is at least 80 atomic % copper. The alloy may comprise more than two 

7 elemmtal components. 

8 The term "feature" refers to contacts, vias, trenches, and other structures which 

9 make up the topography of the substrate surface. 

10 The term "gamma or (y) sputtered copper" refers to the "long throw" sputtering 

1 1 technique described in the paper by S. M. Rossnagel et al, which was discussed 

12 previously herein. Typically, the distance between the substrate and the target is about 

13 the diameter of the substrate or greater; and, preferably, the process gas pressure is 

14 sufficiently low that the mean free path for collision within the process gas is greater 

1 5 than the distance between the target and the substrate. 

1 6 The term "ion metal plasma" or "IMP" refer to sputter deposition, preferably 

17 magnetron sputter deposition (wh^e a magnet array is placed behind the target). A high 

18 density, inductively coupled RF plasma is positioned between the sputtering cathode and 

19 the substrate support electrode, whereby at least a portion of the sputtered emission is in 

20 the form of ions at the time it reaches the substrate surface. 

21 The term "IMP sputtered tantalum" refers to tantalum which was sputtered using 

22 the IMP sputter deposition method. 

23 The term "MP sputtered tantalum nitride" refers to tantalum nitride which was 

24 sputtered using the IMP sputter deposition method. 

8 
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1 The term "reactive IMP sputtered tantalum nitride" refers to ion deposition 

2 sputtering, wherein nitrogen gas is supplied during the sputtering of tantalum, to react 

3 with the ionized tantalum, producing an ion deposition sputtered tantalum nitride- 

4 comprising compound. 

5 The term "stress-tuned" refers to a TaN^ or Ta film which has been treated during 

6 processing to adjust the residual stress within the deposited film to fall within a particular 

7 desired range. For example, at times it is desired to use the TaN^ or Ta film to balance 

8 the overall stress within a stack of layers, so the film may be tuned to be in compression 

9 or tension. At other times, it may be desired to reduce the stress in the film to be as near 

10 to zero as possible. 

1 1 The term "traditional sputtering" refesrs to a method of forming a film layer on a 

12 substrate, wherein a target is sputtered and the material sputtered firom the target passes 

13 between the target and the substrate to form a film layer on the substrate, and no means is 

14 provided to ionize a substantial portion of the target material sputtered firom the target 

15 before it reaches the substrate. One apparatus configured to provide traditional 

16 sputtering is disclosed in U.S. Patent No. 5,320,728, the disclosure of which is 

17 incorporated herein by refermce. In such a traditional sputtering configuration, the 

18 percentage of target material which is ionized is less than 10%, more typically, less than 

19 1 %, of that sputtered fi-om the target. 

20 n. AN APPARATUS FOR PRACTICmG THE INVENTION 

21 A process system in which the method of the present invention may be carried 

22 out is the Applied Materials, Inc. (Santa Clara, California) Endura® Integrated 

23 Processing System. The system is shown and described in United States Patent No. 

24 5,1 86,71 8, the disclosure of which is hereby incorporated by reference. 
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1 The traditional sputtering process is well-known in the art. The gamma 

2 sputtering method is described in detail by S. M. Rossnagel et al. in their paper titled 

3 "Thin, high atomic weight refractory fihn deposition for diffusion barrier, adhesion layer, 

4 and seed layer applications", as referenced above. The IMP sputtering method is also 

5 described by S. M. Rossnagel and J. Hopwood in their paper "Metal ion deposition from 

6 ionized magnetron sputtering discharge, J. Vac. ScL TechnoL B, Vol. 12, No. 1 (Jan/Feb 

7 1994). 

8 ffl. THE STRUCTURE OF THE TAOTALUM AND TANTALl^ 

9 FILMS 

10 We have been able to create a copper filled trench or via, which is completely 

1 1 filled, at a feature size of about 0.4 /jm and an aspect ratio of greater than 1 : 1 (up to 

12 about 3 : 1 presently). To facilitate the use of a copper fill, the trench or via (constructed 

13 in a silicon oxide surface layer) was lined with a reactive IMP-sputtered TaN^ barrier 

14 layer, followed by a Ta barrier/wetting layer, to create a bilayer over the oxide surface 

15 layer. The copper fill layer was applied using a sputtering technique in the manner 

16 described in Applicants' copending application, U.S. application Soial No. 08/855,059, 

17 filed May 13,1 997, which is hereby incorporated by reference in its entirety. 

18 In particular, the copper fill layer may be applied in a single step process or in a 

19 two step process. In the single step process, for feattire sizes of about 0.75 fjxa or less, 

20 when the aspect ratio of the feature to be filled is less than approximately 3 : 1 , the 

21 temperature of the substrate to which the copper fill layer is applied should range Scorn 

22 about 200 °C to about 600 ''C 0>referably bom about 200 to about 500 **C); when the 

23 aspect ratio is about 3 : 1 or greater, the copper fill layer should be applied over a 

24 temperafaire ranging from about 200 ''C to about 600 °C (preferably from about 300 ""C 

25 to about 500 ^C). The deposition can be initiated at the low end of the temperature 

26 range, with the temperature being increased during depositioiL 

10 
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1 In the two step process, a thin, continuous wetting (bonding) layer of copper is 

2 applied at a substrate surface temperature of about 20 to about 250 °C. The wetting 

3 layer thickness (on the wall of the trench or via) should be a minimum of about 50 A, and 

4 typically may be about 100 A to about 300 A, depending on feature size and aspect ratio. 

5 Subsequently, the temperature of the substrate is increased, with the ^phcation of fill 

6 copper beginning at about 200 ^^C or higher and continuing as the temperature is 

7 increased to that sqjpropriate for the feature size. When both the copper wetting layer 

8 and the copper fill layer are applied in a single process chamber, the deposition may be a 

9 continuous deposition. In such case, process conditions are varied during the deposition, 

10 with the copper fill layer being applied at a slower rate than the copper wetting layer, to 

11 provide better dq)osition control. 

12 When the copper wetting layer is applied in one process chamber and the copper 

13 fill layer is applied in a second process chamber, typically the substrate with copper 

14 wetting layer ateady applied is placed on a heated support platen in the second process 

15 chamber. For a small feature size (0.5 /im or less) and an aspect ratio of 1 : 1 or greater, 

16 it is better to wait until the substrate is heated to a temperature of at least 200 °C prior to 

17 beginning application of the copper fill layer, or to begin the fill layer deposition at a 

1 8 slower rate while the substrate is heating. 

19 The copper sputtering technique used in the single step process is selected fix>m 

20 Gamma deposited copper, Coherent copper, IMP copper, and traditional standard sputter 

21 deposition copper. 

22 The copper deposition method used for appUcation of the thin, continuous, 

23 wetting layer of copper in the two step process may be one of the sputtered copper 

24 techniques listed above or may be chemical vapor dq)osition (CVD) copper or 

25 evaporation deposited copper, depending on the feature size of the trench or via to be 

26 filled. The deposition method used for the copper fill layer is selected from the 
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1 Sputtering techniques listed above, to provide a more contaminant-free and more r^id 

2 filling of the trench or via. 

3 To ensure the overall dimensional stability of the structure, we investigated 

4 various factors which affect the residual film stress in a TaN, barrier layer and in a Ta 

5 layer (which can serve as a barrier lay^, a wetting layer, or both, depending on the 

6 application). 

7 One skilled in the art can envision a combination of a number of different layers 

8 underlying the copper fill material. Whatever the combination of layers, they provide a 

9 stack of layers, and tuning the stress of individual layers within the stack can provide a 

1 0 more stress-balanced and dimensionally stable stack. Although the preferred 

1 1 embodiment described above is for the lining of trenches and vias, one skilled in the art 

12 will appreciate that the stress-tuned TaNx and Ta films described herein have general 

13 application in semiconductor interconnect stmctures. The method of controlUng and 

14 reducing the residual film stress in tantalum nitride and tantalum films can be used to 

15 advantage in any structure in which a layer of such a film is present. The concept of 

16 tuning the residual stress in a sputter-deposited film comprising at least one metal 

1 7 element has broad applicability. 

18 IV. THE METHOD OF TUNING RESIDUAL STRESS IN TANTALIMA>^ 

19 TANTALUM NITRIDE FILMS 

20 The preferred embodiments described herein were produced in an Endura® 

21 Integrated Processing System, available &om Applied Materials of Santa Clara. 

22 California. The physical vapor deposition (sputtering in this case) process chamber is 

23 capable of processmg an 8 inch (200 mm) diameter silicon wafer. The substrate was a 

24 silicon wafer having a siUcon oxide surface coating with trenches in the surface of the 

25 silicon oxide. Sputtering was carried out using a tantalum target cathode having a 

12 
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1 diameter of approximately 35.3 cm (14 in.), and DC power was J5)plied to this cathode 

2 over a range from about 1 kW to about 1 8 kW. The substrate was placed at a distance of 

3 about 25 cm (9.8 in.) from the tantalum target cathode in the case of gamma sputtering, 

4 and at a distance of about 14 cm (5.5 in.)fiom the cathode in the case of IMP sputtering. 

5 During IMP sputtering, an AC bias power rangmg from about 0 W to about 400 W was 

6 applied to the substrate to produce a substrate offset bias ranging from about 0 V to 

7 about -100 V. The substrate offset bias attracts ions from the plasma to the substrate. 



8 EXAMPLE ONE: 

9 When gamma-sputtered tantalum fihn was produced, the film was sputtered using 

10 conventional (traditional) magnetron sputtering, with rotating magnet-defined erosion 

1 1 paths (for better uniformity and cathode utilization). Two hundred (200) mm sample 

1 2 surfaces were sputter-deposited at a sample surface temperature of about 25 °C, in argon, 

13 at pressures of about 1 .5 mT or less. The catfaode-to-sample or "throw" distance was 

14 typically about 25 cm. The DC power to the tantalum target was approximately 4 kW. 

15 No substrate offset bias was used. Under these conditions, the residual fihn stress of the 

16 tantalum film was about -1 .5 x 10*'** dynes/cm^. 

17 EXAMPLE TWO: 

1 8 When IMP-sputtered tantalum fihn was produced, a high density, inductively 

19 coupled RF plasma was generated in the region between the target cathode and the 

20 substrate by applying RF power to a coil (havmg from 1 to 3 turns) over a range from 

21 about 400 kHz to about 13.56 MHZ (preferably about 2 MHZ). Two hundred (200) mm 

22 sample surfaces were IMP sputter-deposited at a sample surface temperature of about 

23 25°C, in argon, at pressures ranging from about 10 mT to about 60 mT. The distance 

24 from the cathode to the sample was typically about 14 cm. The DC power to the 
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1 tantalum target was adjusted over a range from about 1 kW to about 8 kW (preferably, 

2 about 1 kW to about 3 kW). The wattage to the RF power coil was adjusted over a range 

3 from about 1.0 kW to about 5 kW (preferably, about 1.0 kW to about 3 kW). An AC 

4 bias power ranging from about 0 W to about 500 W was used. 

5 Figure 1 shows a graph 100 of the residual fihn stress 101 of the tantalum fihn in 

6 dynes/cm^, as a function of the RF power 1 08 to the ionization coil, as illustrated by the 

7 curve numbered 102; the pressure 1 10 in the sputtering chamber, as illustrated by the 

8 curve numbered 104; and the DC power 1 12 to the sputtering target (cathode), as 

9 illustrated by the curve numbered 106. 

10 As indicated in graph 100, the residual stress in the deposited Ta fihn can be 

1 1 tuned over a wide range, for example (but not by way of limitation), from about 

12 1.0 X 10*^® to about -2 x 10**^dynes/cm^ and can be set at a low stress nominal value, for 

13 example, between about 6 x 10^ and about -6x10** dynes/cm^ , a range over which the 

14 residual stress can approach zero. At a residual stress of about -6x10"^ dynes/cm^, by 

15 way of example, the IMP-sputtered fihn residual compressive stress is a factor of three 

16 lower than the residual compressive stress of a typical gamma-sputtered Ta fihn. The 

17 process variables which affect film residual stress can be optimized to produce the 

1 8 desired residual film stress in Ta fihns. 

19 Figures 2A and 2B show the effect of an mcrease in the RF power to the IMP 

20 ionization coil, which is directly related to the amount of ion bombardment at the 

21 tantalum fihn surfece. Figure 2A, graph 200, shows the Ta residual fihn stress 

22 in curves 201 through 206, when the power to the ionization coil is 1 kW, as a function 

23 of process chamber argon pressure 207 and the DC power to the tantalum target 208. 

24 Figure 2B, graph 220, shows the Ta residual fihn stress interior of ellipses 22 1 and 222, 

25 when the power to the ionization coil is 3 kW, as a function of process chamber argon 

26 pressure 227 and the DC power to the tantalum target 228. 

14 
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1 These curves show that, with the other process values held constant, an increase 

2 in RF power to the ionization coil from 1 kW to 3 kW results in an increase in the film 

3 residual compressive stress. Even so, under all of the process conditions shown, the 

4 residual fibn stress for the IMP-sputtered tantalum is less than that of a gamma-sputtered 

5 tantalum fihn. We have concluded, then, that there is an optimum amount of ion 

6 bombardment of a tantalum film surface to produce a Ta film having only minor residual 

7 stress (whether compressive or in tension). Process pressure appears to have the greatest 

8 effect of the variables tested. It is believed that an increase in the process pressure leads 

9 to an increase in ionization within the process chamber, which leads to increased ion 

10 bombardment of the depositing film surface. 

11 EXAMPLE THREE; 

12 The effect of the increase in ion bombardment of a depositing fihn surface, which 

13 can be achieved by increasing the DC offset bias voltage of the substrate onto which the 

14 fihn is deposited, is illustrated in Figure 3. Graph 300 shows the residual stress 3 1 1 in 

15 dynes/cm^ 310 as a fimction of the AC bias power 320 in Watts. The corresponding 

16 substrate DC offset bias voltage ranges &om about 0 V to about -150 V, 

17 EXAMPLE FOUR; 

18 When tantalum nitride fihns are produced, the structure of the tantalum nitride 

19 depends on the amount of nitrogen in the tantalum nitride compound (film). Figures 4 

20 and 5 show the chemical composition and resistivity of tantalum nitride fihns produced 

21 using gamma sputtering and IMP sputtering techniques, respectively. The chemical 

22 composition (atomic nitrogen cont^t) of the fihn is shown as a function of the nitrogen 

23 gas flow rate to the process chamber in which the TaN, fihn is produced. 
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1 Figure 4, graph 400, shows the nitrogen content 410 of the gamma-sputtered 

2 tantalum nitride fihn in atomic % 413, as a function of the nitrogen flow rate 416 in 

3 seem to the process vessel. A two hundred (200) mm diameter sample surface was 

4 gamma sputter-deposited at a sample surface temperature of about 25 ''C, in an 

5 argon/nitrogen atmosphere, at a pressure of about 1 .5 mT, where the argon gas feed was 

6 about 15 seem, and the nitrogen flow rate 416 was as shown on graph 400. The "throw" 

7 distance between the tantalum target and the sample surface was {proximately 250 mm. 

8 The DC power to the tantalum target was about 4 kW. 

9 In addition, graph 400 shows the resistivity 412 in /z D-cm 414 of the tantalum 

10 nitride fihn as the nitrogen content 413 increases. The resistivity corresponds with the 

1 1 change in the tantalum nitride structure, as indicated on graph 400, where 402 represents 

12 P-Ta; 404 represents bcc - Ta(N); 406 represents amorphous TaN,; and 408 rq)resents 

1 3 nanocrystalline fee • TaNjt (x « 1). 

14 Figure 4 shows that when the atomic nitrogen content exceeds about 45% to 

15 about 50%, the resistivity of the TaN^ fihn increases drastically (to above 1 ,000 ii Q-cm). 

16 Figure 6, graph 600, shows the residual film stress in dynes/cm^ 602 of a 

17 gamma-sputtered TaN^ film, as a fimction of the nitrogen flow rate to the process 

18 chamber in seem 604, and as a fimction of the substrate temperature at the time of fihn 

19 deposition, when the other process variables are held at the values described with 

20 reference to Figure 4. 

21 Curve 610 represents the TaN,, fihn gamma-sputtered at a substrate tonperature 

22 of about 25 **C; Curve 612 represents the TaN, fihn gamma-sputtered at a substrate 

23 temperature of about 250°C, and Cxirve 614 represents the TaNj^ film ganruna-sputtered at 

24 a substrate temperature of about 450**C. 



16 



wo 98/54377 



PCTAJS98/10789 



1 Line 606 constructed at a nitrogen flow rate 604 of about 16 seem, represents the 

2 atomic nitrogen content in excess of which the resistivity of the TaN^ fihn increases 

3 drastically (as illustrated in Figure 4 for a nitrogen flow rate of 1 6 seem). Thus, the 

4 gamma-sputtered TaN, films having reduced residual compressive stress (in the direction 

5 of arrow 608) occur at nitrogen contents at which the resistivity of the fihn is 

6 unacceptably high (greater than about 1,000 Q - cm). Looking at the residual fihn 

7 stress of TaN, fihns having a resistivity lower than about 1,000 |i Q - cm, it is evident 

8 that residual film stress can be reduced by increasing the substrate temperature at the 

9 time of fihn deposition. This is in contrast with TaN^ films having a resistivity higher 

10 than about 1 ,000 ^ Q - cm, where the residual film stress increases v/hen the substrate 

1 1 temperature is higher during fihn deposition. Considering this unexpected result, for 

12 gamma-sputtered fihns havmg a nitrogen content below about 45% - 50 %, it is 

13 preferable to deposit the TaN^ fihn at a substrate temperature of at least about 250**C, 

14 and more preferably at a substrate temperature of at least about 350**C 

15 EXAMPLE FIVE: 

16 Figure 8 shows a graph 800 of the residual fihn stress of the tantalum fihn in 

1 7 dynes/cm^ 804, as a fimction of the heater temperature in **C 806 of the substrate support 

18 platen. The actual substrate temperature is approximately 50 °C lower than the 

19 temperature of the substrate support platen. 

20 The other process conditions were as follows: The plasma source gas was 7 seem 

21 of argon, with a wafer backside gas flow of 1 5 seem argon, and the process chamber 

22 pressure was about 36 mT. The RF power to the ionization coil was 1 .5 kW at a 

23 • firequency of 2 MHZ; the DC power to the tantalum target was 1 kW. No bias power 

24 was applied to the substrate. However, recent experiments have shown that qiplication 

25 of a bias power sufficient to create a DC oflBset voltage of up to about -80 V has no 
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1 significant effect on the stress timing of the fihns 

2 There are two cxirves on which the fihn stress can be tuned. The first curve, 

3 labeled 802, is representative of the p phase Ta which is deposited over a substrate 

4 temperature range firom about 25 up to about 350°C. The second curve, labeled 808, 

5 is representative of the bcc tantalum structure which is deposited over a substrate 

6 temperature range fi-om about 350®C through about 500°C or greater. 

7 As can be observed Scorn Figure 8, in the instance where a single tantalum film is 

8 being deposited and it is desured to minimize the stress in the fihn (/.e., to obtam a 

9 relatively neutral film which is not in compression or tension), the substrate temperature 

10 should be tuned within specific temperature ranges. The first temperature range is fi-om 

1 1 about lOO^^C a heater temperature of about 150*C) to about 220''C (Le., a heata: 

12 temperature of about 276*'C). The second temperature range is fix)m about 320**C (z.e., a 

13 heater temperature of about 370**C) to about 360'*C (i.e., a heater temperature of about 

14 410*^C). This presumes all other variables are held constant at the values indicated in 

15 this example. Moderate stress fihns of ± 0.5 x dynes/cm^ can be obtained over a 

16 broader substrate temperature range torn about 50''C to about 260''C, or fix>m about 

17 360X to about 385°C. 

18 If it is desired to create a particular tensile stress or compressive stress in the 

19 tantalum fihn to balance the stress in other fihns in the fihn stack, the proper substrate 

20 temperature can be selected. 

21 EXAMPLE SIX: 

22 Figure 5 graph 500 shows the nitrogen content 5 1 0 of the reactive IMP-sputtered 

23 TaNjj film in atomic % 5 13, as a fimction of the nitrogen flow rate in seem 516 to the 

24 process chamber. A two hundred (200) mm diameter sample (substrate) sur&ce was 

25 reactive IMP sputter-deposited at a sample surface temperature of about 25 ''C, in an 
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1 argon/nitrogen atmosphere, at a pressure of about 40 mT, where the argon gas feed was 

2 about 95 seem (80 seem to the process chamber feed and 1 5 seem to the heat exchange 

3 surface), and the nitrogen flow rate 516 was as shown on graph 500. The DC power to 

4 the tantalum target was about 2 kW. The RF power to the IMP induction coil was about 

5 1.5 kW. No offset bias ofthe substrate was used. 

6 In addition, gr^h 500 shows the resistivity 5 1 2 in Q-cm 5 1 4 of the IMP- 

7 sputtered TaN, fihn as the atomic nitrogen content 513 increases. The resistivity 

8 corresponds with the change in the tantalum nitride structure, as indicated on Graph 500, 

9 where 502 represents P-Ta; 504 represents bcc - Ta(N); 506 rq)resents amorphous TaN,; 

10 and 508 represents nanocrystalline fee - TaN, (x » 1). 

1 1 Figure 5 also shows that, when the atomic nitrogen content exceeds about 45%, 

12 the resistivity ofthe TaN, fihn increases drastically (to above 1,000 Q-cm). 

1 3 Figure 7, graph 700, shows the residual fihn stress in dynes/cm^ 702 of an IMP- 

14 sputtered TaN^ film, as a Amotion of the nitrogen flow rate to the process chamber in 

15 seem 704, for deposition on a substrate at a temperature of about 25 °C, when the other 

16 process variables are held at the values described with reference to Figure 5. 

17 Line 706, constructed at a nitrogen flow rate 704 of about 14-16 seem, 

18 represents the atomic nitrogen content in excess of which the resistivity ofthe TaNx fihn 

19 increases drastically (as illustrated in Figure 5). We discovered that for IMP-sputtered 

20 TaNx fihns, in contrast with the gamma-sputtered fihns, it is possible to produce a film 

21 having reduced residual stress at the low^ nitrogen contents, where an acceptable 

22 resistivity can be obtained Further, the IMP-sputtered TaN^ fihn residual stress appears 

23 to remain relatively unaffected by an increase in the nitrogen content over the nitrogen 

24 content range represented by the nitrogen flow rates illustrated in Figure 7 (up to about 

25 60 atomic % nitrogen, based on Figure 5). 
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By depositing the TaN^ film using the IMP sputtering method which provides 
increased bombardment of the depositing film surface (over that obtained by the gamma 
sputtering method), it is possible to produce a TaN, fihn having both an acceptable 
resistivity and reduced residual film stress. This is because the IMP-sputtered TaN, fihn 
stress remains relatively unchanged with increasing nitrogen content (in comparison with 
gamma-sputtered TaN^ fihn stress, which is strongly dependent on the nitrogen content 
of the fihn in the region where the fihn resistivity is acceptable). 

V. THE METHOD OF IMPROVING BARRIER PERFORMANCE OF Ta AND 
TaN, FILMS 

We have also discovered that Ta and TaN^ fihns deposited using physical vapor 
deposition techniques at a temperature which falls within a range of about SSO'^C to 
about 600 °C have improved diffusion barrio properties over those dq)osited at room 
temperature, as discussed in Examples Seven and Eight, which follow. 

EXAMPLE SEVEN: 

Ta films were produced using IMP sputter deposition and gamma sputter 
deposition. Process conditions for the IMP sputter deposition were as follows: The 
plasma source gas was 7 seem argon, with a wafer backside heat transfer gas flow rate of 
15 seem argon, and the process chamber pressure was 35 mT. The RF power to the 
ionization coil was 1.5 kW at a fi^uency of 2 MHZ; the DC power to the tantalum 
target was 1 kW. No bias power was applied to the substrate. 

Process conditions for the gamma sputter deposition were as follows: The 
plasma source gas was 7 seem of argon, with a wafer backside gas flow of 15 seem 
argon, and the process chamber pressure was about 1 - 2 mT. The DC power to the 
tantalum target was 4 kW. 
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1 Ta barrier films were deposited using each deposition method at room 

2 temperature (25 °C) and using substrate heater temperatures of 350°C and 500°C, which 

3 result in substrate temperatures of about SOO^'C and 450''C, respectively. 

4 The diffusion barrier performance of the Ta films was characterized using 

5 electrical testing. MOS capacitors having silicon/silicon dioxide/tantalum/copper 

6 structures (wherein the tantalum was deposited using the present method for improving 

7 barrier performance) were subjected to Bias-Temperature Stress (BTS) testing at 275 **C 

8 and2MV/cm. Current through the silicon dioxide was measured during BTS. Diffusion 

9 of copper through the barrier material into the silicon dioxide leads to catastrophic oxide 

10 failure. The median time-to-failure (MTTF) was used to compare different barrier 

1 1 material performance, as shown in Table One, below. 



12 Table One. Barrier Performance of Ta Films 



13 


Film Thickness 


Substrate Temperature 


MTTF 






During Deposition 


(n = 20) 


14 


100 A 


25°C 


2 hours 


15 


100 A 


450'C 


10 hours 


16 


200 A 


25 °C 


4 hours 


17 


200 A 


300°C 


6 hours 



18 n = the number of samples tested to provide an average MTTF. 



19 As the data in Table One indicate, increases in deposition temperature led to 

20 significant improvement in barrier performance. 

21 Dq>osition at elevated temperatures results in an increase in the surface 

22 diffusivity of adatoms, as well as enhanced grain boundary coalescence. As a result, the 

23 film density increases, which in turn improves the barrier performance against copper 

24 diffusion. Our results showed that Ta deposited at 500°C was a bcc phase, and Ta 
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1 dq)osited at room temperature is a P phase. The bcc phase has a higher density than the 

2 p phase, and therefore provides a better hairier layer, 

3 EXAMPLE EIGHT: 

4 TaN^ fihns were produced using IMP sputter deposition and gamma sputter 

5 deposition. Process conditions for the IMP sputter dq)osition were as follows: The 

6 plasma source gas was 7 seem argon in combination with 16 seem nitrogen, with a wafer 

7 backside gas flow of 1 S seem argon, and the process chamber pressure was 39 mT. The 

8 RF power to the ionization coil was 1 .5 kW at a frequency of 2 MHZ; the DC power to 

9 the tantalum target was 1 kW. Samples were produced without bias power applied to the 

10 substrate and with about 275 W applied to the substrate support platen, to produce a DC 

1 1 ofiset voltage of about -70 V to about -80 V. The same results were obtained with and 

12 without applied bias. 

13 Process conditions for the gamma sputter deposition were as follows: The 

14 plasma source gas was 7 seem of argon in combination with 14 seem of nitrogen, with a 

1 5 wafer backside gas flow of 1 5 seem aigon, and the process chamber pressure was about 

16 1 -2mT. The DC power totiie tantalum target was4kW. 

1 7 TaNx barrier films having a thickness of 1 00 A were deposited on silicon 

18 substrates using each deposition method at room ten^erature and using a substrate heater 

19 temperature of 4S0''C, which resulted in a substrate temperature of about 400^C. A 

20 copper layer having a thickness of about 1 500 A was then deposited over the TaN. 

21 barrier layer The fikn stacks were then annealed under vacuum at a heater temperature 

22 of about 600 ""C for 30 minutes. 

23 Sheet resistivity of the film stacks was measured before and after a vacuum 

24 annealing in an argon ambient. Film stacks having barrier layers which failed during 

25 annealing exhibited etch pits where the copper had diffused through &e TaN^ layer and 
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reacted with the underlying silicon. The etch pits were observed visually. 

The barrier performance for the TaN» fihns is shown in Table Two, below. 



Table Two. Barrier Performance of TaN^ Films 



Deposition Method 


Substrate Temperature 
During Deposition 


Barrier Performance 
(Etch Pit Test) 


Gamma 


25*C 


Fail 


Gamma 


400°C 


Pass 


IMP 


25^C 


Fail 


IMP 


400X 


Pass 



As shown in Table Two, the devices incorporating the TaN, barrier layers 
deposited at a substrate temperature of 400*C passed, whereas those deposited at 25 °C 
failed, regardless of the deposition method. A 30-minute annealing at a heater 
temperature of about 600 ^^C failed to improve the barrier performance of the TaN^ films 
deposited at 25 ""C. As with the Ta films described in Example Five, an increase in 
deposition temperature again led to significant improvement in barrier performance for 
the tantalum nitride films. 

The above described preferred embodiments are not intended to limit the scope of 
the present invention, as one skilled in the art can, in view of the present disclosure, 
expand such embodiments to correspond with the subject matter of the invention claimed 
below. 
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CLAIMS 

We claim: 



1 1 • A Ta film tuned to have a residual film stress ranging between about 1.0x1 0"*"'** 

2 dynes/cm^ and about -2 x 10*^^ dynes/cm^ 

1 2. The Ta fibn of Claim 1, wherein said Ta fibn was sputter-deposited. 

1 3. The Ta fihn of Claun 2, wherein said Ta fibn was IMP sputter-deposited. 

1 4. The Ta film of Claim 1 , wherein said fihn residual stress ranges between about 

2 6x10*^ dynes/cm^ and about -6x10^ dynes/cm^. 

1 5, The Ta film of Claim 1 , wherein a crystalline structure of said tantalum film is 

2 bcc Ta. 

1 6. The Ta film of Claim 1 , wherein a crystalline structure of said tantalum film is P 

2 Ta. 

1 7. A TaN^ fihn, where 0 < x < 1.5, tuned to have a residual film stress ranging 

2 between about 1.0 x 10**^ dynes/cm^ and about -2 x 10**® dynes/cm^. 

1 8. The TaNj5 film of Claim 7, wherein said TaN^ film was sputter-deposited. 

1 9. The TaNj, film of Claim 8, wherein said TaN^ film was reactive IMP sputter- 

2 deposited. 
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1 10. The TaNx film of Claim 7, wherein said film residual stress ranges between about 

2 6x10^ dynes/cm^ and about -6 x 1 0"^ dynes/cm^ 

1 11. The TaNx film of Claim 7, wherein said fihn resistivity is less than about 1 ,000 

2 fi Q-cm and said film stress ranges between about 6x10^ dynes/cm^ and about -6 x lO'^ 

3 dynes/cm^. 

1 12. The TaN, fihn of Claim 1 1 , wherein said film comprises more than about 30 

2 atomic % nitrogen. 

1 13. The TaN, fihn of Claim 12, wherein said fihn comprises and less than about 60% 

2 nitrogen. 

1 14. A method of tuning the residual fihn stress of a Ta fihn, wherein said residual 

2 stress is tuned by controlling the amount of ion bombardment of the depositing film 

3 surface. 

1 1 5. The method of Claim 14, wherem said Ta film is deposited usmg a sputtering 

2 technique. 

1 16. The method of Claim 15, wherem said Ta fihn is deposited using IMP sputtering. 

1 17. The method of Claim 1 5, wherein said tantalum fihn comprises bcc Ta. 
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1 1 8. The method of Claim 1 5, wherein a crystalline structure of said tantalum fihn 

2 is P Ta 

1 1 9. A method of tuning the residual film stress of a Ta film by adjustment of a film 

2 deposition process variable selected from the group consisting of process chamber 

3 pressure, substrate DC offset bias voltage, power to a sputtering target, power to an 

4 ionization coil, substrate temperature, or a combination thereof 

1 20. The method of Claim 1 9, wherem said residual fihn stress is tuned to range 

2 between about 1 x 10""'^ dynes/cm^ and about -2 x 10*^** dynes/cm^. 

1 21 . A method of tuning the residual fihn stress of a Ta fihn subsequent to deposition, 

2 wherein said treatment is selected firom the group consistmg of ion bombardment, 

3 annealing, and combinations thereof. 

1 22. The method of Claim 2 1 , wherein said residual film stress is tuned to range 

2 between about 1 x 10*^*^ dynes/cm^ and about -2 x 10*^^ dynes/cm^. 

1 23 . The method of Claim 2 1 , wherein said method of tuning is ion bombardment. 

1 24. The method of Claim 21 , wherein said method of tuning is annealing, and 

2 wherein said annealing is canried out at a temperature of at least about 25 ""C. 

1 25. The method of Claim 24, wherein said temperature is at least about 250''C. 

1 26. The method of Claim 25, wherein said temperature is at least about SSO^'C. 
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27. A method of tuning the residual film stress of a TaN^ film, wherein said residual 
stress is tuned by controlling the amount of ion bombardment of the depositing fihn 
surface and where 0 < x < 1.5. 

28. The method of Claim 27, wherein said TaN,j film is deposited using a sputtering 
technique. 

29. The method of Claim 28, wherein said TaN^ fihn is deposited using reactive IMP 
sputtering. 

30. The method of Claim 29, wherem said TaN. fihn comprises at least about 30 
atomic % nitrogen. 

3 1 . The method of Claim 30, wherein said nitrogen content is less than about 60 
atomic % nitrogen. 

32. A method of tuning the residual fihn stress of a TaN^ fihn by adjustment of a fihn 
deposition process variable selected firom the group consisting of process chamber 
pressure, substrate DC offset bias voltage, power to a sputtering target, power to an 
ionization coil, substrate temperature, or a combination thereof. 

33. The method of Claim 32, wherein said residual fihn stress is tuned to range 
between about 1 x 10**^ dynes/cm^ and about -2 x 10**° dynes/cm^ 
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1 34. A method of tuning the residual fihn stress of a TaN, film subsequent to 

2 deposition, wherein said treatment is selected fi-om the group consisting of ion 

3 bombardment, annealing, and combinations thereof 

1 35. The method of Claim 34, wherein said residual film stress is tuned to range 

2 between about 1 x 10*'^ dynes/cm^ and about -2 x 10*'° dynes/cmj. 

1 36. The method of Claim 34, wherein said method of tuning is ion bombardment. 

1 37. The method of Claim 34, wherein said method of tuning is annealing, and 

2 wherein said annealing is carried out at a temperature of at least about 25 ''C. 

1 38. The method of Claim 37, wherem said temperature is at least about 250^C. 

1 39. The method of Claim 38, wherein said temperature is at least about 350°C. 

1 40. In a physical vsq>or deposition method of depositing an improved Ta or TaN, 

2 barrier layer in a semiconductor interconnect structure, a method of improving the barrier 

3 performance of Ta or TaN^, wherein the improvement comprises depositing said Ta or 

4 TaN^ barrier layer at a substrate temperature of at least 300*C, wherein 0 < x < 1 .5. 

1 41 . The method of Claim 40, wherein said barrier layer is deposited at a substrate 

2 temperature withm the range of about 300''C to about 600^C. 

1 42. The method of Claim 41, wherein said barrier layer is deposited at a substrate 

2 temperature withm the range of about 300''C to about SOO'^C. 
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1 43. The method of Claim 40, wherein said barrier layer is deposited using gamma 

2 sputter deposition. 

1 44. The method of Claim 40, wherem said barrier layer is deposited using IMP 

2 sputter deposition. 

1 45 . The method of Claim 40, wherein subsequent to flie deposition of said barrier 

2 layer, a layer of copper is deposited thereover. 

1 46. The Ta film of Claim 1 , wherein tiie substrate temperature during deposition of 

2 said Ta fihn is at least SOO^'C. 

1 47. The Ta film of Claim 2, wherein the substrate temperature during deposition of 

2 said Ta fihn is at least 300°C. 

1 48. TheTafilmof Claims, wherein the substrate temperature during deposition of 

2 said Ta fihn is at least 300X. 

1 49. The TaNx fihn of Claim 7, wherein the substrate temperature during deposition of 

2 said TaN, fihn is at least SOO'^C. 

1 50. The TaNx film of Claim 8, wherein the substrate temperature during deposition of 

2 said TaN, fihn is at least 300**C. 
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1 51. The TaN, film of Claim 9, wherein the substrate temperature during deposition of 

2 said TaNx fihn is at least 300^*0. 

1 52. The method of Claim 3, wherein the substrate temperature during said Ta film 

2 deposition is selected to be within a range of about 100**C to about 220**C or withm a 

3 range ofabout360°C to about 410X. 

1 53 . The method of Claim 9, wherein the substrate temperature during said TaN. fihn 

2 deposition is selected to be within a range of about lOO^C to about 220*'C or within a 

3 range of about 360°C to about 410°C. 
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(57) Abstract 

Wc have discovered that the residual stress residing in a tantalum (Ta) film or a tantalum nitride (TaN,, where 0 < x ^ 1.5) film can 
be controlled (tuned) by controlling particular process variables during deposition of the film. Process variables of particular interest during 
film deposition, for sputter-applied Ta and TaNx films, include the following: the power to the sputtering target; the process chamber 
pressure (i.e.. the concentration of various gases and ions present in the chamber); the substrate DC offset bias voltage (typically an increase 
in the AC applied substrate bias power); and the temperature of the substrate upon which the film is being deposited. When the Ta or TaNx 
film is deposited using IMP sputtering, the power to the ionization coil can be used for stress ttining of the film. This use of IMP as the 
sputtering technique provides particular control over the ion bombardment of the depositing film surface. Tantalum (Ta) films deposited 
using the IMP method typically exhibit a residual stress ranging from about +1 x 10*^° dynes/cm^ (tensile stress) to about -2 x 10+^° 
dynes/cm^ (compressive stress), depending on the process variables described above. Tantalum nitride (TaNx) films deposited using the 
IMP method typically can be tuned to exhibit a residual stress within the same range as that specified above with reference to Ta films. 
We have been able to reduce the residual stress in either the Ta or TaN« films to range between about 6 x 10*9 dynes/cm^ and about -6 
X 10^ dynes/cm^ using tuning techniques described herein. The Ta and TaN, films can also be tuned subsequent to deposition using ion 
bombardment of the film surface and annealing of the deposited fibn. Barrier performance of the films can be improved by depositing die 
films at a substrate temperature of at least 300 ^'C. 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCX. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


Fl 


Fmland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azeibaijan 


GB 


United Kingdoni 


MC 


Monaco 


TO 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TO 


Togo 


BB 


Barbados 


GH 


Ghafu 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Ttirkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobq^o 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukramc 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Kiger 


VN 


Viet Nam 


CC 


Congo 


KB 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzeriand 


KG 


Kyigyzstan 


NO 


Nonvay 


ZW 


Zimbabwe 


a 


COce d'fvoiie 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






cu 


Cuba 


KZ 


Kazalcstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


GciTTiany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


UC 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







INTERNATIONAL SEARCH REPORT 



interrk tal Application No 

PCT/US 98/10789 



A. CLASSIFICATION OF SUBJECT MATTER , 

IPC 6 C23C14/14 C23C14/06 C23C14/58 



According to Intern ational Patent Claaalfication (IPC) or to both national clasaification and IPC 
B. FIELDS SEARCHED ^ 



Minimum documentatjon searched (classification system followed by claaairication symbols) 

IPC 6 C23C G03F 



Documentation searched other than minimum documentalion to the extent that such documents are included in the fields searched 



Electronic daU base consulted during the international search (name of data base and. where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of doeument, with indication, where appropriate, of the relevant passages 



Relevant to daim No. 



EP 0 346 828 A (FUJITSU LTD) 
20 December 1989 



see page 2, line 37 - page 3, line 15 
see page 6, line 40-58 
see figures 3,9 

-/-- 



1.4,6.7, 
10. 

19-21. 
32-34 



m 



Further documents are listed in the continuation of box C. 



m 



Patent fanvly members are listed in annex. 



* Special categories of cited documents : 

'A* document defining the general state of the art which is not 

considered to be of particular relevance 
'E* earlier document but published on or after the international 

filing date 

*L* document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other spedal reason (as speoifted) 

*0' document referring to an oral disclosure, use, exhibitioner 



'P* document published prior to the international filing dote but 
later than the priority date claimed 



T later document publbhed after the international filing date 
or priority date and not in conflict with the appCcation but 
cited to underatand the principle or theory undertying the 
invention 

'X' document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

•V document of particular relevance: the claimed invention 

cannot be considered to involve on inventive step when the 
document is combined with one or more other such docu- 
ments, such combinatten being obvious to a person skaied 

in the art. 

*&• document member of the same patent family 



Date of the aebiai completion off the international search 



10 August 1998 



Date of mailing of the intemationaJ search report 



19. 



Name and moiling address of the ISA 

European Patent Office. P.B. 5818 Patentloan 2 
NL>2280 HV Rijswi^ 
Tel. {■►31'70) 340.2040. Tx. 31 651 epo nl. 
Fax: (*3V70) 340-3016 



Authorized officer 



Joffreau, P-0 



rcim ?CT;iSA#21w (secona tneell iJuty »SS2) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Intern .lal Application No 

PCT/US 98/10789 



C.(Conlinualion) DOCUMENTS CONStOEREO TO BE RELEVANT 



CatefOfy ' 



Citation o( deeumanl, witl< indioalian. where appropriate, of the relevant passages 



Relevant to claim No. 



PARFITT L J ET AL: "Origins of residual 
stress in Mo and Ta films: the role of 
impurities, microstructural evolution, and 
phase transformations" , THIN FILMS: 
STRESSES AND MECHANICAL PROPERTIES VI. 
SYMPOSIUM, THIN FILMS: STRESSES AND 
MECHANICAL PROPERTIES VI. SYMPOSIUM, SAN 
FRANCISCO, CA, USA, 8-12 APRIL 1996 , 
1997, PITTSBURGH, PA, USA, MATER. RES. 
SOC, USA, PAGE(S) 505 - 510 XP0O2074085 
see page 506, line 33-38; figure 2 
see page 507, line 24-31 

WO 97 04143 A (SANOVIK AB PUBL ;ROLANDER 
ULF (SE); WEINL GEROLD (SE); LJUNGBERG B) 

6 February 1997 

see page 6, line 22-34 
see page 8, line 20-26 

EP 0 644 535 A (READ RITE CORP) 

22 March 1995 

see page 4, line 13-15 

US 5 464 711 A (MOGAB C JOSEPH ET AL) 

7 November 1995 

see column 3, line 2-6 
see column 4, line 45-67 



1.4-6. 
21,34 



US 4 683 043 A (MELTON CARL W 
28 July 1987 

see column 3» line 57-60 



ET AL) 



7,10-14, 
27 



19,20, 
32,33 



21,34 



14,27 



Potm rCT;iSAi'2iO icontinudiion ol second tneetl • Juty l9S2i 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/US 98/ 10789 



Box I Observations where certain ciaims were found unsearchable (Continuation of item 1 of first sheet) 
This International Search Report has not been established In respect of certain claims under Article 17(2)(a) for the following reasons: 
1. fj Claims Nos.: 

— because they relate to subject matter not required to be searched by this Authority, namely: 



2. Claims Nos.: 

^""^ because they relate to parts of the International Appiication that do not comply with the prescribed requirements to such 
an extent that no meaningful Intern ationai Search can be carried out, specifically: 



3. Claims Nos.: 

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 

Box II Observations where unity of invention Is ladcing (Continuation of item 2 of first sheet) 

TNs International Searching Authority found multiple inventions in this intemational application, as follows: 

SEE ATTACHED SHEET 



1 . I I As all required additional search fees were timely paid by the applicant, this Intemational Search Report covers alt 
I-—' searchable claims. 

2. I I As all searchable daims could be searched without effort justifying an additional fee, this Authority dd not invite payment 

of any additional fee. 



3. I I As only some of the required additional search fees were timely paid by the applicant, thii 
I— I covers only those claims for which fees were paid, specifically claims Nos. : 



this International Search Report 



4. I X I No required additional search fees were timely paid by the applicant. Consequently, this Intemational Search Report is 
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 

1 - 39, 46 - 53 



Remarlc on Protest [ [ The additional search fees were accompanied by the applieant's protest. 

[ [ No protest accompanied the payment of additional search fees. 



Form PCT/ISA/21 0 (conUnuation of first sheet (1 )) (July 1 992) 



International AppGeaiion No. PCT/ US 98/10789 



FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210 



This International Searching Authority found multiple igroups 2f:- 
inventions in this international application, as Tollows: 

1. Claims: 1-39.46-53 

Method of tunina the residual stress of tantalum and 
tantalum nitride films, either during or after deposition, 
e g by controlling the amount of ion bombardment or tne 
film surface. Tantalum and tantalum nitride films having a 
tuned, residual stress in a given range. 



2. Claims: 40-45 

Method of improving the barrier performance of tantalum and 
tantalum nitride films in a semiconductor interconnect 
structure by adjusting the deposition temperature. 



INTERNATIONAL SEARCH REPORT 

Inlormation on patent family members 



Inten nal Application No 

PCT/US 98/10789 



Patent document 
cited in search report 


Publication 
date 


Patent family 
nieinl>er(s) 


Publication 
date 


EP 0346828 


A 


20-12-1989 


JP 
JP 


2002109 A 
2742056 B 


08-01-1990 
22-04-1998 




A 


06-02-1997 


EP 


0873432 A 




EP 0644535 


A 


22-03-1995 


JP 
US 


7153031 A 
5473486 A 


05-12-1995 


US 5464711 


A 


07-11-1995 


OP 


8064524 A 




US 4683043 


A 


28-07-1987 


EP 

JP 
wo 


0253881 A 

63502289 t 
8704470 A 


27-01-1988 
01-09-1988 
30-07-1987 



rcim ?CTnSA/2tO tpdtttni <jmiiy ann«*» Mi t5S2*» 



